Mammalian cells respond to bacterial lipopolysaccharide (LPS) through a cognate receptor: Toll-like receptor 4 (TLR4). The signaling pathways, which link TLR4 to the proinflammatory transcription factor nuclear factor B (NF-B), occur through the intracellular docking proteins MyD88 and Trif. We hypothesize that unlike antigen-presenting cells, vascular endothelial cells (ECs) lack the Trif protein TRAM and are therefore incapable of eliciting Trif-dependent immune responses to LPS. Stimulation of wild-type mice with LPS leads to the activation of NF-B in ECs and macrophages in vitro and in vivo. In contrast to macrophages, LPS did not activate endothelial NF-B or NF-B-dependent genes in MyD88 Ϫ/Ϫ mice, suggesting the absence of a functional Trif pathway in vascular ECs. Indeed, the Trif-dependent gene cxcl10 was not expressed in ECs after LPS stimulation. This correlated with diminished expression of the Trif accessory TIR protein TRAM in ECs. Overexpression of TRAM cDNA in ECs reconstituted LPS-induced Trif-dependent NF-B activation and cxcl10 promoter activity. The functional absence of TRAM in vascular ECs restricts TLR4 signaling to MyD88-dependent pathway. This is in contrast to macrophages, which respond to LPS via both Trif-and MyD88-dependent pathways. These findings indicate that vascular ECs do not express the Trif-dependent gene subset. This implies that these genes may be dispensable for the endothelial response to bacterial infection and play no role in the endothelial contribution to the development of atherosclerosis. (Circ Res.  2006;98:1134-1140.) 
T he mammalian Toll-like receptors (TLRs) are a family of transmembrane proteins with a critical role in innate immunity through their recognition of pathogen-associated molecular patterns. 1 Binding of microbial antigens to TLR activates the nuclear factor B (NF-B) and mitogen-activated protein kinase (MAPK) signaling cascades, leading, through gene transcription, to a change in cellular phenotype and ultimately to the elimination of the infecting organism. This signal is transduced through TIR (Toll/interleukin-1 [IL-1] receptor) adaptor proteins to gene transcription pathways, most importantly NF-B. To date, the TIR adaptor protein family contains six members: MyD88, Mal (TIRAP), Trif (TIR-containing adapter molecule-1, lipopolysaccharide 2 [LPS2]), Trif-related adaptor protein (TRAM), ST2, and SIGIRR. The most widely used of these is MyD88, which is absolutely necessary for the transduction of signal from IL-1 receptor (IL-1R) and also from all TLRs so far described, except TLR3 and TLR4. 2 Although TLR4 (the cognate LPS receptor) uses MyD88 (in conjunction with Mal), this is nonessential because TLR4 can also use Trif to activate MAPK and NF-B pathways. 3 Trif alone is responsible for mediating the TLR3 signal. MyD88 and Trif are not redun-dant. In addition to activating NF-B, Trif activates STAT1, and IRF3 and IRF7 via TBK1. 4 -7 There is a subset of LPS-responsive genes entirely dependent on TRIF/TBK1/IRF3 (eg, interferon-␣ [IFN-␣] and IFN-␤, RANTES, and IFN-␥-inducible protein 10 [IP-10]). 8, 9 The functional ramifications of this bivalent LPS signaling pathway are not yet clear. However, an emerging paradigm suggests that LPS has two distinct functions as an immune mediator. 10 The "innate" function is to induce stromal cells to express molecules that recruit and activate leukocytes to the inflammatory site. The "adaptive" function is to induce the maturation of antigen-presenting cells on exposure to antigen, leading to the effective presentation of antigen, with costimulatory signals, to lymphocytes. It has been suggested that MyD88 mediates the innate function, whereas Trif mediates the adaptive function. 11, 12 The key stromal cell type involved in the innate immune response to LPS is the endothelial cell (EC). Kubes et al reported recently that endothelial TLR4 expression is required for LPS-induced neutrophil sequestration in mouse lung, whereas leukocyte TLR4 is dispensable. 13, 14 As well as being critical in the innate immune response against mi-crobes, EC activation by proinflammatory mediators has been strongly implicated in the pathogenesis of atherosclerosis. 15 Both TLR4 and MyD88 deficiency reduced atherosclerosis in apolipoprotein E Ϫ/Ϫ mice and reduced neointimal formation in two murine arterial injury models. 16 -20 Administration of LPS to cholesterol-fed rabbits increased atherogenesis, and in the human, there is a correlation between circulating LPS and the development of carotid atherosclerosis. 21, 22 Furthermore, there is a suggestion that human tlr4 polymorphisms that cause LPS hyporesponsiveness are associated with protection from atherosclerosis, although further studies are required. [23] [24] [25] We hypothesize that the proatherogenic effect of LPS is mediated through the activation of vascular ECs. The precise signaling events that occur in ECs downstream of TLR4 activation have not been studied in detail. It has long been understood that, like other cell types, ECs respond to LPS by activation of NF-B. 26 This, in turn, initiates transcription of a number of proinflammatory genes implicated in the development of atherosclerosis, such as IL-6, IL-8, MCP-1, intracellular cell adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and E-selectin. 27 More recent studies have shown that this effect is mediated through TLR4. 28 It is not clear whether the bivalent MyD88/Trif pathways described in monocytes macrophages are present in ECs. It has been suggested that ECs and other stromal cells differ from leukocytes in this regard, with an essential role for MyD88. 29 However, the role of Trif in LPS signal transduction in ECs is not known. Characterization of these pathways would have significant implications for the understanding of the EC response to LPS in the context of bacterial infection and in atherogenesis.
In this study, we undertook to describe LPS signaling in ECs in detail. We confirmed that, unlike in the macrophage, LPS activation of NF-B in ECs is entirely dependent on MyD88, with no Trif-mediated NF-B activation. Furthermore, we found that LPS does not induce the expression of the Trif-dependent gene IP-10 in ECs. Absence of a functional Trif pathway was attributable to the lack of the expression of the accessory TIR protein TRAM (TIRcontaining adapter molecule-2). 30
Materials and Methods
For full details of the Materials and Methods, please refer to the online supplement, available at http://circres.ahajournals.org. EC activation in vivo was assessed by immunofluorescent staining for endothelial adhesion molecules on snap-frozen mouse tissues. Peritoneal macrophages, dendritic cells (DCs), monocytes, and ECs were obtained and cultured for in vitro studies. Adhesion molecule and chemokine expression of cultured cells was quantified by ELISA. Monocyte adhesion to EC monolayers was determined under laminar flow conditions using videomicroscopy. NF-B activity in cultured cells was determined either by p65 immunolocalization or by electrophoretic mobility shift assay (EMSA) on nuclear extracts. Specific mRNAs were detected by RT-PCR, qRT-PCR, and Northern blotting, and expression of TRAM protein by Western blotting. Human IP-10 (cxcl10) promoter activity was assayed using dual luciferase reporter transfection in bovine aortic ECs (BAECs). TRAM overexpression in mouse ECs was achieved using a lentivirus vector.
Results

No Endothelial Activation to LPS Without MyD88
To evaluate the role of the MyD88-independent pathway in ECs in vivo, we administered LPS (1 mg/kg IP) systemically to wild-type and MyD88 Ϫ/Ϫ mice (nϭ3) for 4 hours before preparing heart and kidney for quantification of EC adhesion molecule expression by immunofluorescence. In wild-type controls, LPS induced the expression of E-selectin (and VCAM-1; data not shown) in the myocardial vascular endothelium and renal glomerular endothelium when compared with mice treated with vehicle alone (Figure 1 ). No such increase was observed in MyD88 Ϫ/Ϫ mice. We confirmed this observation in vitro by the isolation and culture of mouse heart microvascular ECs (MHECs) from wild-type and MyD88 Ϫ/Ϫ mice, and the quantification of E-selectin and VCAM-1 after LPS by cell-based ELISA ( Figure 2 ). We also used IL-1␣ stimulation because both IL-1␣ and IL-1␤ are dependent on MyD88 for signal transduction downstream of IL-1R. Neither IL-1␣ nor LPS increased E-selectin or VCAM-1 in MyD88 Ϫ/Ϫ ECs, whereas both caused induction with a characteristic time course in wild-type cells. These data are consistent with the published macrophage studies and show the requirement for MyD88 in LPS and IL-1induced transcription of proinflammatory genes. 3 Furthermore, they appear to suggest that the requirement for MyD88 in LPS-induced EC activation is absolute. To confirm this, we tested whether LPS could increase monocyte-EC interaction under flow in the absence of MyD88 ( Figure 3 ). We found that on wild-type MHECs, LPS stimulation over 4 or 24 hours increased U937-LAM monocyte accumulation two-to threefold. This was equivalent to the increase in monocyte accumulation seen with tumor necrosis factor-␣ (TNF-␣) stimulation. However, when MyD88 Ϫ/Ϫ MHECs were used, there was no increase in U937-LAM accumulation over baseline after LPS stimulation. These results were consistent at 0.5 and 1.0 dyne/mm 2 of shear stress. In contrast, the accumulation of monocytes on MyD88 Ϫ/Ϫ MHECs reached similar levels to wild-type when the stimulus was TNF-␣. Figure 1 . Endothelial activation in response to LPS in vivo is dependent on MyD88. MyD88 Ϫ/Ϫ mice and wild-type littermate controls (nϭ4) were treated intraperitoneally with 1 mg/kg LPS or vehicle and killed 4 hours later. Sections from kidney (rows A and B) and heart (row C) were immunostained for E-selectin (rows A and C) or stained with the EC marker isolectin IB 4 (row B). Photomicrographs of representative sections were taken (kidney ϫ40; heart ϫ20). LPS induces E-selectin (white arrows) expression on renal glomerular and myocardial microvascular endothelium in wild-type but not MyD88 Ϫ/Ϫ mice.
No NF-B Activation to LPS in ECs Without MyD88
To determine the presence or absence of an MyD88independent pathway from TLR4 to NF-B in ECs, we stimulated wild-type and MyD88 Ϫ/Ϫ MHECs with LPS and identified NF-B activation initially by immunolocalization of the p65 (RelA) subunit. In unstimulated cells, p65 is cytoplasmic but translocates to the nucleus on TLR stimulation. As a positive control for the effect of MyD88 deficiency, we also stimulated the ECs with lipoteichoic acid, a TLR2 agonist, and flagellin, a TLR5 agonist. NF-B activation to these agonists is known to be solely MyD88 dependent. As expected (Figure 4 ), nuclear translocation of p65 did not occur after TLR2 and TLR5 ligation except in the presence of MyD88. Furthermore, we detected no p65 translocation after TLR4 stimulation in the absence of MyD88. This result suggested the absence of an MyD88-independent pathway to NF-B in ECs, in contrast to reported findings in macrophages.
To confirm this observation, we quantified NF-B activation by an alternative method: p65 and p50 DNA binding using EMSA ( Figure 5 ). For this experiment, we used thioglycollateelicited peritoneal macrophages as a positive control for the detection of the MyD88-independent pathway. As expected, both wild-type and MyD88 Ϫ/Ϫ macrophages ( Figure 5C ) underwent NF-B activation after exposure to 100 ng/mL LPS for 1 hour (this upregulation has a slower time course in MyD88 Ϫ/Ϫ compared with wild-type macrophages, but by 1 hour, there is no difference). 3 In contrast, whereas wild-type MHECs evinced NF-B activation to LPS over 8 hours with a peak at 1 hour, in MyD88 Ϫ/Ϫ MHECs, there was no NF-B activation over the entire time period. To confirm that this was not attributable to a general defect in NF-B activation in these cells, we stimulated them with TNF-␣ and showed that NF-B activation to this ligand was unimpaired. 
Trif-Dependent LPS Gene Transcription Is Absent in ECs
There is a clearly defined subset of LPS-induced genes in macrophages that do not require the presence of MyD88 and instead are dependent on Trif. The implication of the data presented above is that LPS would not be expected to induce these genes in ECs. We tested this with a classically described Trif-dependent gene, cxcl10, encoding the chemokine IP-10. Both macrophages and ECs isolated from mouse aorta (MAECs) were obtained from wild-type and MyD88 Ϫ/Ϫ mice and LPS stimulated ( Figure 6 ). Supernatants were harvested and subjected to IP-10 capture ELISA, with supernatants from cells stimulated with IFN-␥ as positive control (IFN-␥ induces IP-10 expression in a TLR-MyD88 -independent manner in both macrophages and ECs). As expected, IFN-␥ induced copious amounts of IP-10 from both ECs and macrophages. In contrast, LPS was able to induce IP-10 from macrophages but not ECs, and this was independent of the presence of MyD88. These data are consistent with absence of a functional Trif pathway in ECs.
ECs Lack the TIR Domain Protein TRAM
To determine the mechanism by which ECs lack the MyD88independent pathway, we performed RT-PCR to detect the gene products of a selection of components of this pathway. These components included Trif, its accessory TIR domain protein TRAM, and the noncanonical IB kinase IKKi (IKK; Figure 7A ). 31, 32 Initially, we looked for these gene products in unstimulated macrophages, MHECs, and MAECs from wild-type mice using RT-PCR. As a loading control, we used ␤-tubulin, and to confirm cell-specific gene expression, we used the EC-specific mRNA Tie2. There was a specific reduction in TRAM message not seen with Trif or IKKi (or two other Trif pathway components TBK1 and IRF3; data not shown). We confirmed this reduction in TRAM using Northern blotting and quantitative RT-PCR ( Figure 7B and 7C) . IFN-␣ stimulation has been shown previously to activate the TLR3/Trif pathway in ECs, so we used this stimulus to see whether TRAM expression was IFN-␣ inducible. 33, 34 Although IFN-␣ treatment resulted in a modest upregulation of the TRAM message in macrophages, it was not capable of inducing TRAM in ECs ( Figure 7B and 7C) . To confirm the differential expression of TRAM and to extend the observation to human cells, we probed whole cell lysates for TRAM protein expression by Western blot ( Figure 7D ). We found that although the human monocyte cell line THP-1 and mouse bone marrow-derived DCs expressed TRAM, the 27-kDa TRAM protein abundance in mouse, human, and BAECs and human umbilical and saphenous vein ECs was below detection level.
Lack of TRAM in ECs Explains the Absence of an MyD88-Independent LPS Pathway
Our findings suggest that TRAM is required for TLR4 to be able to interact with Trif and the downstream elements of the pathway. To confirm this, we reconstituted TRAM expression in ECs and demonstrated that this restores the Trif pathway. We did this initially by testing for NF-B activation (using p65 immunolocalization) in MyD88 Ϫ/Ϫ MAECs. We overexpressed a TRAM-GFP fusion protein using a lentivirus vector (Figure 8 ). In MyD88 Ϫ/Ϫ MAECs transduced with the control lentivirus (overexpressing GFP), LPS did not activate NF-B. However, in the TRAM-GFP-transfected cells, NF-B activation by LPS was restored, as evinced by p65 translocation to the nucleus. To confirm this finding, we determined whether TRAM overexpression could restore cxcl10 (IP-10) transcription, which is Trif pathway dependent and therefore absent in wild-type ECs (Figure 6 ). As a control, we overexpressed TLR4, which, according to our model, would not be able to drive IP-10 induction in the absence of TRAM. This experiment was performed using transient transfection because the TLR4 construct was too big to package into the lentivirus vector. Because the mouse primary ECs were found to be refractory to transfection, this experiment was performed in BAECs. We found that, like mouse ECs, BAECs do not express TRAM, first by probing BAEC RNA with the full-length murine TRAM probe (data not shown) and second by Western blot in BAECs lysate using anti-TRAM antibody ( Figure 7D ). BAECs were cotransfected with the IP-10 luciferase reporter plasmid Renilla luciferase transfection control plasmid and empty, TRAM or TLR4 overexpression plasmid. TRAM overexpression caused a significant increase in IP-10 promoter activity (PϽ0.05; Student t test), whereas TLR4 overexpression alone had no effect (Figure 8 ).
Discussion
We have shown that proinflammatory responses to LPS in vascular ECs, namely the upregulation of adhesion molecules and the recruitment of leukocytes, are entirely dependent on MyD88 in vivo and in vitro. This finding is in contrast to monocyte/macrophages in which MyD88 is not essential for NF-B activation because of the presence of the Trif path- Figure 7 . The TIR domain protein TRAM is poorly expressed in ECs. A, RNA was extracted from wild-type thioglycollate-elicited macrophages (column 1), MHECs (column 2), and MAECs (column 3). Specific mRNAs were detected as indicated by RT-PCR. TRAM abundance is reduced in both EC types compared with macrophages, whereas the EC-specific transcript Tie2 is found in both EC types but not macrophages. Other transcripts in the MyD88-independent pathway, Trif and IKKi, are present in all cell types, as is the housekeeping transcript ␤-tubulin. TRAM mRNA abundance was determined by Northern blotting (B) and by real-time RT-PCR (C), in MAECs, and elicited macrophages (M), after incubation with IFN-␣ at 1000 U/mL, or vehicle (U/S) for 24 hours. In B, ethidium staining of 18S and 28S after transfer are shown as loading control (bottom panel). In C, TRAM mRNA abundance is normalized to that of a housekeeping transcript, ␤-tubulin, and data are expressed as fold increase over unstimulated MAEC level. TRAM mRNA is readily detected in macrophages but not MAECs and appears to be further induced by IFN-␣ in macrophages but not in ECs. D, Protein was isolated from whole cell lysates and Western blot- way. Indeed, our data showed that unlike macrophages, ECs do not undergo NF-B activation in response to LPS in the absence of MyD88. The implication of this is that the Trif pathway is not functional in ECs and predicts that genes specifically dependent on this pathway would not be transcribed in LPS-stimulated ECs. Such is the case with the gene cxcl10, which encodes for the CXC chemokine IP-10.
We further hypothesized that the expression of candidate genes involved in the Trif pathway may be lacking in ECs, which could explain the absence of this pathway. Abundance of all interrogated mRNAs was similar to that found in macrophages, except for one, that of the accessory TIR domain protein TRAM, which was markedly diminished in ECs. TRAM protein was at low or undetectable levels in mouse, bovine, and human ECs. To confirm that this alone explains lack of MyD88-independent signal in ECs, we overexpressed TRAM cDNA in ECs and found that this successfully reconstituted MyD88-independent NF-B activation in response to LPS and resulted in the activation of the IP-10 promoter.
Proinflammatory signaling through both TLR4 and MyD88 is directly implicated in the pathogenesis of atherosclerosis. 16, 17 It is not clear whether this effect is exerted on the leukocyte population or on the stromal cells (ie, ECs) of the vascular wall, but the key target tissue for the canonical TLR4 ligand LPS appears to be the vascular endothelium rather than the leukocytes. 13 Our study identifies MyD88 as the essential signaling intermediate for TLR4 signaling in ECs, as it is for all other TLRs thus far described except for TLR3. As such, MyD88 is critical for the EC response to most pathogen-derived stimuli and also to putative endogenous TLR ligands, including hyaluronan fragments, minimally modified low-density lipoprotein, and human hsp60. [35] [36] [37] This observation suggests that the endothelial contribution to the development of atherosclerosis may be dependent on the MyD88-inducible gene subset and independent of Trif-dependent genes.
The differences between these gene subsets may reflect a different physiologic role for ECs compared with monocytesmacrophages. MyD88-dependent genes are generally proinflammatory, whereas Trif-dependent genes facilitate effective antigen presentation for adaptive immune responses. These Trif-dependent responses include antigen-presenting cell proliferation (cyclin D2, ISG20), microbial processing (inducible NO synthase), T-cell recruitment (IP-10, RANTES, MIP-1␤, I-TAC), T-cell activation (IL-15, IL-18, CD40), and DC maturation (type I interferons). 9, 11, 38 Because of these differences, we suggest that specific downregulation of the Trif/ TRAM pathway could provide therapy for autoimmune diseases (for instance, systemic lupus erythematosus) without affecting EC responsiveness to LPS required for the elimination of bacterial infections. 39 The findings of this study raise a number of intriguing questions. For example, it is not known whether the activation of p42/p44, p38, and JNK MAPK pathways by LPS also depends entirely on MyD88 in ECs. In macrophages, these pathways behave like NF-B and are activated by both MyD88 and Trif. 3, 5 Because we found no evidence of gene transcription downstream of Trif in ECs, we suspect that in the absence of MyD88, LPS does not activate these pathways in ECs. Nevertheless, although IP-10 is a useful marker for the Trif pathway, there are a large number of other Trifdependent genes that need to be considered. Thus, a gene array analysis in MyD88-and Trif-deficient ECs is planned to determine the full extent of genes dependent on each particular pathway, similar to those performed in macrophages. 8, 9 With regard to the Trif pathway, we did not specifically determine whether the MyD88-independent transcription pathways activated by Trif remained unresponsive to LPS in ECs. For example, IRF3, IRF7, and STAT1 are activated in parallel with NF-B in macrophages. However, because we found no evidence of downstream transcription involving Trif, it is likely that these factors are not activated in ECs. It should be noted that we found that TRAM deficiency extends across species, being evident in mouse, human, and bovine ECs. In contrast to the TLR4 -Trif pathway, the TLR3-Trif pathway is present in ECs as TLR3 leads to the induction of type I interferon expression in human ECs. 34 This is consistent with our model that the Trif pathway defect in ECs is caused by absence of TRAM because TLR3-Trif signaling has been shown to be entirely independent of TRAM. 7 It has been proposed that Trif cannot interact directly with TLR4 but requires the interposition of TRAM for signal transduction. 30 In this model, TRAM would interact with TLR4 and provide a docking site for a bridging interaction with Trif. We attempted to address this using protein-protein interaction studies but could not arrive at a conclusion because of complete degradation of TLR4 after LPS stimulation (data not shown). As reported, this is likely attributable to specific ubiquitination of TLR4 by TRIAD3, which targets it for subsequent proteasomal degradation. 40 Because of the instability of the TLR4 signaling complex, we could not definitively show a TLR4 -Trif interaction in the nonoverexpression system of primary ECs and macrophage culture.
In summary, we propose that TRAM is a critical Trifassociated TLR4 signal transducer, the absence of which in normal vascular ECs renders the Trif pathway nonfunctional in that cell type. It remains to be determined whether the lack of TRAM prevents ECs from participating in adaptive immune responses.
